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Electronic and Ionic Transport in Ce0.8PrxTb0.2−xO2−δ and
Evaluation of Performance as Oxygen Permeation Membranes
C. Chatzichristodoulouz and P. V. Hendriksen
Department of Energy Conversion and Storage, Technical University of Denmark, DK-4000 Roskilde, Denmark
The electronic conductivity of Ce0.8PrxTb0.2−xO2−δ (x = 0, 0.05, 0.10, 0.15, 0.20) was determined in the oxygen activity range aO2
≈ 103 – 10−17 at 700–900◦C by Hebb-Wagner polarization. The electronic conductivity of all the Ce0.8PrxTb0.2−xO2−δ compositions
was significantly enhanced as compared to that of Ce0.9Gd0.1O1.95−δ, and was found to increase with increasing Pr/Tb ratio. The
oxide ion mobility in Ce0.8PrxTb0.2−xO2−δ is similar to that in Ce1−2δGd2δO2−δ at the same oxygen vacancy concentration. Based
on the measured ionic and electronic conductivities, fluxes through thin film Ce0.8PrxTb0.2−xO2−δ membranes were calculated.
Calculated fluxes exceed 10 Nml min−1 cm−2 under oxyfuel relevant conditions (T = 800◦C, aO2,permeate side = 10−3). Hence, in
terms of transport properties, these materials are promising for this application. Interference between the ionic and electronic flows
has a significant positive effect on the deliverable oxygen flux, as evaluated for Ce0.8Pr0.2O2−δ.1
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Materials with mixed oxide-ionic and electronic conductivity play
an important role in various high temperature electrochemical devices,
such as solid oxide fuel cells (SOFC), solid oxide electrolysis cells
(SOEC) and oxygen permeation membranes (OPM). Among the class
of mixed conductors, doped-ceria systems have been extensively stud-
ied, as they show high oxide-ionic conductivity when acceptor doped
and mixed conductivity under appropriate doping or at sufficiently
low oxygen activity, while at the same time they are chemically stable
under conditions of very low oxygen activities2 and in CO2 containing
atmospheres.
The ionic conductivity of acceptor-doped ceria has been found
to depend strongly on the dopant type and concentration,3–5 show-
ing a maximum at an oxygen vacancy concentration of ∼3%
(Ce1−yMyO1.94). The observed dependence has been extensively dis-
cussed in the literature on the basis of association between oxygen
vacancies and dopants, and the concept of a critical radius of the
dopant ion that optimizes the conductivity by minimizing the lattice
distortion has been introduced.3–8
Molecular dynamics simulations9,10 and quantum-mechanical
first-principles calculations11 have further elucidated the importance
of the dopant ionic radius, concluding that optimal conductivity should
be expected when the attractive coulombic interaction between lower-
valent dopants and oxygen vacancies is counterbalanced by a repul-
sive elastic strain interaction due to dopant-host mismatch.11 Butler
et al.9 and Minervini et al.10 suggested Gd as being the ideal dopant, in
terms of enhancing the ionic conductivity of ceria, whereas Andersson
et al.11 concluded that the optimum dopant should have an effective
atomic number between 61 (Pm) and 62 (Sm). They further concluded
that co-doping with Nd/Sm or Pr/Gd should result in enhanced ionic
conductivity, as compared to that obtained by doping with any of these
elements separately.11
Experimental investigations suggest Gd, Sm or Y as being the
optimum dopant for enhanced ionic conductivity.6,12,13 Large scatter
is however observed,14 not allowing for a definite conclusion. This
is usually attributed to microstructural differences and impurity level
variations.12 In a recent study, covering a large number of 10 at.% rare
earth doped cerias, synthesized under similar conditions, Nd doping
was found to yield the highest ionic conductivity.14 A Nd/Sm co-
doped composition Ce0.9Sm0.05Nd0.05O2−δ was also investigated but
found to have a similar ionic conductivity as Ce0.9Nd0.1O2−δ within
experimental uncertainty.14 Enhanced ionic conductivity has been ob-
served in the past though for co-doped cerates, as compared to the end
members.15–18
Partial reduction of Ce4+ to Ce3+ that takes place with decreasing
oxygen partial pressure and increasing temperature, introduces elec-
tronic conductivity via a small polaron hopping mechanism.19 The
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electronic conductivity may be detrimental for the use of ceria as an
SOFC electrolyte at high temperatures,20 but makes it a promising ma-
terial for oxygen permeation membranes. Oxygen fluxes in excess of
16 Nml min−1 cm−2 were recently demonstrated for a thin (∼30 μm)
Ce0.9Gd0.1O1.95−δ (CGO10) membrane operating at 1175 K with air at
the feed side and H2/H2O = 20 at the permeate side.21 The electronic
conductivity of CGO10 under the operating conditions was found to
be the limiting factor for oxygen permeation.21 Doping with Pr or Tb
has been shown to increase the electronic conductivity of ceria at rel-
atively high oxygen partial pressures1,22–35 and is therefore expected
to improve oxygen permeation.
We have in the past reported on the defect chemistry36–38 and ther-
momechanical properties38 of Ce0.8PrxTb0.2−xO2−δ. All the Onsager
coefficients of transport for Ce0.8Pr0.2O2−δ, including the cross terms,
were measured within the aO2 range 10−21 – 1 at 800◦C, using local
ionic and electronic probes and small applied signals in a four probe
configuration.1 The cross coefficients of transport were found to be of
the same order of magnitude as the direct coefficients for high aO2 val-
ues (10−2 – 1), in contrast to the commonly used assumption that the
two types of carriers migrate independently. This phenomenon is com-
monly known as ionic interference effect, and reflects the dependence
of the migration of one charge carrier to the migration of a different
charge carrier in a mixed conductor.39 Furthermore, Ce0.8Pr0.2O2−δ
was used as an example to discuss the case of Hebb-Wagner polariza-
tion in the presence of redox-active dopants and non-negligible ionic
interference effect.40 The electronic conductivity of Ce0.8Pr0.2O2−δ
under suppressed ionic flow was thus determined as a function of
the oxygen activity in the range from aO2 ≈ 103 to aO2 ≈ 10−17 for
temperatures between 700◦C and 900◦C.
Here the ionic and electronic transport properties of
Ce0.8PrxTb0.2−xO2−δ (x = 0, 0.05, 0.10, 0.15, 0.20) are reported. Based
on the estimated transport properties, the expected oxygen permeation
flux, under conditions relevant for syngas or oxyfuel applications, is
calculated by modeling and compared to that of Ce0.9Gd0.1O1.95−δ. The
importance of the ionic interference effect on the estimated oxygen
permeation flux, and the error associated with assuming negligible
ionic interference, is also discussed for the case of Ce0.8Pr0.2O2−δ.
Experimental
Sample preparation.— Powders of Ce0.8PrxTb0.2−xO2−δ were syn-
thesized by co-precipitation.37 Disk shaped samples and rods were
prepared at a uniaxial pressure of ∼3 MPa and further isostatic pres-
sure of 325 MPa. The specimens were sintered at 1500◦C in air for
12 hours and slowly cooled to room temperature at a rate of 0.5 K/min.
Phase analysis was performed by room temperature XRD, after sinter-
ing at 1500◦C in air, using a Bruker D8 Advance diffractometer with
Cu Kα radiation and a PSD LynxEye detector. All compositions were
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Figure 1. Experimental setup employed for the Hebb-Wagner polarization
measurements.
found to be single phase fluorites. The materials compositions after
synthesis were verified by Energy Dispersive X-ray Spectroscopy.
The diameters of the sintered disks were d ≈ 8 – 10 mm and their
thickness L ≈ 2 mm. The relative densities were ∼95% of the the-
oretical value. The theoretical densities of Ce0.8PrxTb0.2−xO2−δ in air
were estimated by Rietveld refinement of the X-ray diffraction pat-
terns recorded at room temperature.38 A grain size in the range 1
– 5 μm was determined by scanning electron microscopy (FE-SEM
Zeiss Supra 35).
Hebb-Wagner polarization.— The sintered pellets were polished
with SiC paper of decreasing roughness and diamond paste (down to
1 μm particle size). A similar experimental setup to that proposed
by Lu¨bke and Wiemho¨fer27 was used (Fig. 1). A Pt microelectrode
(working electrode), with a contact radius r ∼ 100–200 μm was spring
loaded against the disk shaped sample. The contact radius of the Pt
microelectrode was determined by scanning electron microscopy (FE-
SEM Zeiss Supra 35). After contacting, the remaining surface area
around the tip was covered with glass (MgO/sodium aluminosilicate
glass composite, 30/70 vol.%) in order to block the oxygen exchange
with the gaseous atmosphere surrounding the cell. The reference elec-
trode was prepared by covering the entire surface of the pellet, opposite
the microelectrode, with Pt paste.
The electrochemical cell was then placed in a controlled at-
mosphere, shielded furnace. The activity of oxygen at the refer-
ence/reversible electrode was defined by flowing air around the cell.
Measurements were performed in the temperature range between
700◦C and 900◦C. The applied voltage ranged between +200 mV
and −800 mV, relative to the reference electrode. The voltage was
applied stepwise, in steps of 25 mV and the transient of the current
toward steady state was recorded over a period of 12 min. This du-
ration was selected so as to be ∼150 times the time constant for the
relaxation, which was estimated from the relation τ = r2/2Dchem to be
τ ∼ 5 s, using a value of Dchem ∼ 1 · 10−5 cm2/s for the chemical dif-
fusion coefficient.1,41 A Solartron 1287 electrochemical interface was
employed for the measurements. The results of the Hebb-Wagner po-
larization experiments were successfully reproduced using two sample
replicates for each composition.
Total conductivity.— Total conductivity measurements were per-
formed on rectangular bars (∼2.4 × 0.65 × 0.15 cm3) using the four-
probe dc technique in a controlled atmosphere furnace. The influence
of thermovoltages was overcome by reversing the current direction.
The samples were electrically contacted with platinum wires and plat-
inum paste, and were fired at 1000◦C for 1 h prior to the conductivity
measurements to ensure good contact. The oxygen activity of the sam-
ple environment was controlled by flowing gas mixtures of air/N2 or
N2/CO2/H2 and monitored by a YSZ-sensor connected downstream
and kept at the same temperature as the specimens used for the con-
ductivity measurements. The samples were allowed to equilibrate for
∼10 h in each gas mixture, a duration ∼120 times larger than the time
constant for the relaxation, which in this case is τ ∼ 5 min, using
again a value of Dchem ∼ 1 · 10−5 cm2/s for the chemical diffusion
coefficient.1,41
Theoretical considerations
Let us consider a mixed oxide-ionic and electronic conductor,
where the cations are practically immobile. The charge carriers are
oxygen vacancies (VO••), with a formal charge of +2, electrons (e′)
and holes (h•), with a formal charge of −1 and +1 respectively. Using
the subscripts i, e and h for VO••, e′ and h• respectively, their current
densities, ik (k = i, e, h), relative to the cation sublattice (Hittorf frame
of reference), may be written as:
ik = − σk
zk F
∇ηk [1]
where σk = |zk | Fckuk is the partial conductivity, zk the formal charge,
ck the concentration, uk the mobility and ηk = μk + zk Fϕ the elec-
trochemical potential of species k.
At the steady state of an ion-blocking Hebb-Wagner polarization
cell, the condition ∇ηi = 0 is fulfilled, assuming that the ionic current
is successfully blocked and interference effects between electronic and
ionic charge carriers are negligible. This condition, combined with the
condition of local ionization equilibrium ( 12 O2(g) + V ••O + 2e′ ↔ OxO )
allows the estimation of the oxygen activity at the blocking electrode,
from the value of the oxygen activity imposed at the reference elec-
trode, aO2,re f , and the potential V applied at the blocking electrode
relative to the reference electrode:
aO2,b = aO2,re f exp
(
4FV
RT
)
[2]
Based on the aO2 dependency of the oxygen nonstoichiometry of
Ce0.8PrxTb0.2−xO2−δ,37 it is expected that during the largest part of the
I-V curve the condition ∇μi ≈ 0 is valid for part of the material, the
rest complying to the condition ∇μi = 0. When the established oxy-
gen activity range in a Hebb-Wagner polarization experiment covers
several defect regimes, a single Hebb-Wagner type equation,42,43 of
the form:
I = 4r RT
aF
⎡
⎣σh,re f
⎛
⎝exp
(
aFV
RT
)
− 1
⎞
⎠
+ σe,re f
(
1 − exp
(
−aFV
RT
))⎤⎦ [3]
is not able to provide an adequate description of the steady state I-V
curve. In order to reproduce the steady state I-V curve in such cases,
the varying aO2 dependence of the electronic defect concentrations
needs to be taken into account, along with a model for the electronic
transport.
The electronic conductivity of Ce0.8PrxTb0.2−xO2−δ comprises of
small polaron hopping of localized electrons in the narrow Pr/Tb 4f
and Ce 4f bands and the broad band semiconducting behavior of holes
in the O 2p valence band. Within the oxygen activity range investigated
here the concentration of reduced Ce ions is negligible and therefore
the fraction of Cex sites where the polaron may jump is in good
approximation xCe ≈ 1. As shown in a previous publication,40 the
steady state I-V curve under ionic blocking conditions (and assuming
negligible ionic interference) can be estimated as:
I = 4r F
⎛
⎝uCe4 f
∫ V
0
cedV + uO2p
∫ V
0
chdV + uPr /Tb4 f
×
∫ V
0
cPr /Tbx cPr ′/Tb′dV
⎞
⎠ [4]
where uCe4f and uPr/Tb4f are the mobilities of the small polaron in
the Ce 4f and Pr/Tb 4f bands, respectively, and uO2p the mobility of
electron holes in the O 2p band. In a previous publication,40 the p-type
electronic conductivity of Ce0.8Pr0.2O2−δ was found to be dominated
by small polaron hopping at the Pr 4f band (when assuming negligible
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ionic interference). The contribution of electron holes in the O 2p band
can therefore be neglected and Eq. 4 is simplified to:
I = 4r F
(
uCe4 f
∫ V
0
cedV + uPr 4 f
∫ V
0
cPrx cPr ′dV
)
[5]
The non-ideality of the defect chemistry of Ce0.8PrxTb0.2−xO2−δ36
and the fact that the approximation ch 	 cV ••O , cPr ′ is not valid, do
not allow for a closed form solution for the I-V curve, as is the case
for Fe-doped SrTiO3.44 In order to estimate the current from Eq. 5,
the oxygen activity range in the material is estimated for an applied
voltage V from Eq. 2 and the concentration of charge carriers within
this oxygen activity range is estimated from the defect chemistry of the
materials.36 The integrals are then estimated numerically. Eq. 5 is fitted
to the steady state I-V curve, treating the mobilities uCe4f and uPr/Tb4f as
concentration independent fitting parameters. A generalization of the
I-V expression, Eq. 4, for the case of non-negligible ionic interference,
was given in Ref. 40. Interference effects have not been taken into
account here due to lack of knowledge of the cross terms of the
Onsager matrix of transport.
Modeling the oxygen flux.— An extension of the classical Wagner
approach45 has been implemented here for the modeling of the oxygen
flux, allowing for the effect of non negligible ionic interference to be
taken into account, as described in Ref. 1. Linear Chang-Jaffe elec-
trode kinetics46 were used and the electrode polarization resistances,
Rcat and Ran, were assumed independent of the oxygen activity. The
temperature dependence of the electrode polarization resistances is
described in Ref. 47. Effects of gas conversion and gas diffusion were
neglected here. The oxygen flux, jO2 , and the oxygen activity and oxy-
gen nonstoichiometry profiles inside the membrane under operation
were estimated as described in Ref. 47.
Results and Discussion
Electronic conductivity.— The steady state I-V curves, measured
at 700, 800 and 900◦C for Ce0.8Pr0.1Tb0.1O2−δ are shown in Fig. 2,
along with the fit of Eq. 5 to the data. As can be seen, Eq. 5 is very
successful in describing the experimental data. Similarly good fits
were obtained for the remaining Ce0.8PrxTb0.2−xO2−δ compositions,
yielding the electronic mobilities for small polaron hopping at the Ce
4f and Pr/Tb 4f bands, uCe4f and uP/Tbr4f, at 700, 800 and 900◦C. It is
pointed out that the experimental I-V curves were recorded for a cyclic
stepwise variation of the applied voltage from 0 mV to −800 mV to
+200 mV and back to 0 mV. Although the entire I-V curves have
been plotted in Fig. 2, it is impossible to separate the two branches as
they practically coincide. This indicates that steady state was indeed
achieved at each Voltage step.
A comparison between the electronic conductivity of
Ce0.9Gd0.1O1.95−δ and Ce0.8Pr0.2O2−δ at 700, 800 and 900◦C as a func-
Figure 2. Steady state I-V curves of Ce0.8Pr0.1Tb0.1O2−δ measured at 700,
800 and 900◦C, along with the fit obtained with Eq. 5.
Figure 3. Electronic conductivity of Ce0.9Gd0.1O1.95−δ and Ce0.8Pr0.2O2−δ
under suppressed ionic flow at 700, 800 and 900◦C as a function of the oxygen
activity. The electronic conductivity of Ce0.8Pr0.2O2−δ measured by a 4-probe
cell at 800◦C 1 is included as well ().
tion of the oxygen activity40 is presented in Fig. 3. As can be seen,
the electronic conductivity of Ce0.8Pr0.2O2−δ is significantly enhanced
relative to that of Ce0.9Gd0.1O1.95−δ in the high aO2 range, by as much
as three orders of magnitude. The n-type region is approximately the
same for both compounds. In the high aO2 range the electronic conduc-
tivity of Ce0.8Pr0.2O2−δ passes through a maximum when cPr ′Ce = cPrxCe ,due to the contribution of the small polarons in the Pr 4f band. The
electronic conductivity of Ce0.8Pr0.2O2−δ appears to be practically tem-
perature independent in the log(aO2) range between −1 and −6. This is
due to the fact that although the mobility of the small polarons in the
Pr 4f band increases with increasing temperature the concentration
of “effective” charge carriers cPr ′Ce · cPrxCe decreases with increasing
temperature within the reported range.
A comparison of the electronic conductivity of the various
Ce0.8PrxTb0.2−xO2−δ compounds, measured under suppressed ionic
flow at 900, 800 and 700◦C, is presented in Figs. 4a–4c, respectively.
A similar behavior is observed in all cases; the n-type region at low
aO2 with a constant slope of ∼−1/4, characteristic of acceptor doped
ceria in the μi ≈ 0 defect regime ([V ••O ] ≈ const), is followed by a
p-type region at higher aO2, due to small polaron hopping in the more
than half full Pr/Tb 4f band. At even higher oxygen activities, the
electronic conductivity passes through a maximum, when the Pr/Tb
4f band is half full, and becomes n-type again at even higher aO2, as
the Pr/Tb 4f band becomes less than half full.
The position of the maximum, which corresponds to δ = 0.05,
when half of the dopants are reduced, is observed to shift toward lower
aO2 with decreasing temperature due to the fact that the oxygen non-
stoichiometry at a certain aO2 decreases with decreasing temperature,
and therefore the condition δ = 0.05 is achieved at lower aO2. Fur-
thermore, the position of the maximum at a certain temperature, shifts
toward lower aO2 with increasing Pr/Tb ratio, due to the fact that Tb
is more easily reduced than Pr in the lattice of ceria.36 As can be seen
from Figs. 4a–4c, the electronic conductivity of Ce0.8PrxTb0.2−xO2−δ
increases systematically with increasing Pr/Tb ratio in the aO2 regime
dominated by small polaron hopping at the Pr/Tb 4f band. A similar
trend is observed at the n-type region, related to small polaron hopping
at the Ce 4f band, but the variation is not so pronounced. A slightly
increasing Ce 4f contribution has been observed in the literature with
increasing dopant ionic radii from Y to La,48 in line with the trend
observed here.
The activation energy and pre-exponential factor of the small po-
laron mobility at the Pr/Tb 4f and Ce 4f bands were estimated from
linear fitting of the ln(uT) versus 1/T data. The values obtained for the
various Ce0.8PrxTb0.2−xO2−δ compositions are shown in Table I. An
activation energy of ∼0.5 eV was determined for the small polaron
hopping at the Pr/Tb 4f band in all cases and a value of ∼0.3 eV was
obtained for the small polaron hopping at the Ce 4f band. These values
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Figure 4. Electronic conductivity of Ce0.8PrxTb0.2−xO2−δ under suppressed
ionic flow at a) 900◦C, b) 800◦C and c) 700◦C.
are in good agreement with literature values for small polaron migra-
tion in other ceria systems.19,49,50 The pre-exponential factors show a
decreasing tendency with decreasing Pr/Tb ratio. The compound with
[Pr] = 0.15 does not follow this trend. This is probably due to a cor-
relation between the pre-exponential factor and the activation energy,
the latter being fitted to a higher value in this case.
Table I. Activation energy and pre-exponential factor of small
polaron mobility at the Pr/Tb 4f and Ce 4f bands. The error
estimate arises from the linear fit to the ln(uT) vs 1/T data.
[Pr] u0Pr /Tb4 f Hm,Pr /Tb4 f u0Ce4 f Hm,Ce4 f
= 0.20 – [Tb] (cm2KV−1s−1) (eV) (cm2KV−1s−1) (eV)
0.20 147 ± 1 0.45 ± 0.01 270 ± 4 0.49 ± 0.13
0.15 311 ± 2 0.55 ± 0.06 88 ± 2 0.35 ± 0.05
0.10 114 ± 1 0.48 ± 0.02 20 ± 2 0.25 ± 0.05
0.05 55 ± 2 0.48 ± 0.05 23 ± 3 0.3 ± 0.1
0.00 31 ± 1 0.45 ± 0.01 38 ± 1 0.32 ± 0.02
Figure 5. Electronic mobility of small polaron hopping at the Pr/Tb 4f band
of Ce0.8PrxTb0.2−xO2−δ as a function of temperature.
The temperature dependence of the electronic mobility of the small
polaron at the Pr/Tb 4f band is presented at Fig. 5 for all composi-
tions. The electronic mobility increases with temperature in all cases,
as expected for a small polaron hopping mechanism. A significant en-
hancement in the small polaron mobility is observed with increasing
Pr/Tb ratio. This is the reason for the enhanced electronic conductivity
of the Pr rich compositions observed in Figs. 4a–4c.
Total conductivity.— The total conductivity of the co-doped
Ce0.8PrxTb0.2−xO2−δ compounds, measured as a function of the oxy-
gen activity at 700, 800 and 900◦C, is presented in Fig. 6. At high aO2,
the total conductivity decreases with decreasing aO2. This is mainly
due to the decreasing Pr/Tb 4f small polaron contribution to the to-
tal conductivity, as discussed later. At intermediate aO2 values, the
total conductivity remains approximately constant, whereas a further
increase is observed with decreasing aO2 at lower oxygen activities.
This is due to increasing contribution of Ce 4f small polarons with
decreasing aO2 in this range.
Ionic conductivity.— The ionic conductivity was estimated as a
function of the oxygen activity by subtracting the electronic conduc-
tivity, measured under suppressed ionic flow, from the total conductiv-
ity. An example is shown in Fig. 7 for the case of Ce0.8Pr0.1Tb0.1O2−δ
at 700◦C. The total conductivity data were interpolated with a cubic
spline (σtot inter.), from which the electronic conductivity under sup-
pressed ionic flow (σ′el) was subtracted. The resulting quantity, σtot -
σ′el, is equal to the ionic conductivity, σion, if there is no interference
between the ionic and electronic flows.1 The ionic interference effect
was measured for Ce0.8Pr0.2O2−δ at 800◦C as a function of the oxygen
activity and was found to be negligible for logaO2 < −4, but far from
zero for higher oxygen activities.1 When the ionic interference effect
is not negligible, the quantity σtot - σ′el provides an underestimation
Figure 6. Total conductivity of the co-doped compositions as a function of
oxygen activity at 700, 800 and 900◦C.
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Figure 7. Separation of the total conductivity (σtot) of Ce0.8Pr0.1Tb0.1O2−δ
at 700◦C into its electronic (σ′el) and ionic (σtot - σ′el) part as a function of
oxygen activity. σtot inter. corresponds to the interpolated total conductivity
data.
of the ionic conductivity. In the case of Ce0.8Pr0.2O2−δ the ionic con-
ductivity is underestimated by ∼35% at logaO2 = −1 at 800◦C, when
assumed to be equal to σtot - σ′el.1 Since the ionic interference effect
is not known for the Ce0.8PrxTb0.2−xO2−δ compounds, we shall con-
sider it negligible. It is stressed though that this assumption is most
probably false for high aO2 values.
The total conductivity of Ce0.8Pr0.2O2−δ has been measured in the
past by two groups,23,31,32 and the mean values of the partial ionic and
electronic conductivities in the aO2 range between 1 and 0.21 were also
determined in one case31,32 using the concentration cell technique. A
comparison between the existing literature values and those estimated
in this work is presented in Table II. Fagg et al. estimated a value of
0.15 Scm−1 for the total conductivity of Ce0.8Pr0.2O2−δ at 900◦C in
air,31 whereas they found an enhancement in the total conductivity
by 20% when co-doping with 2 at.% Co.32 The enhancement was
attributed to increased electronic conductivity.32 Nauer et al. estimated
a total conductivity of 0.17 Scm−1 for Ce0.8Pr0.2O2−δ at 900◦C in air,23
a value ∼13% larger than that measured by Fagg et al.31 In the present
study, the total conductivity was estimated to be 0.2 Scm−1, ∼33%
larger than that measured by Fagg et al.31 Similarly large scatter has
been observed in the past for other acceptor doped ceria systems, such
as the well studied Gd-doped ceria.2,12,51,52 The observed scattering is
believed to arise due to microstructural differences and variations in
the impurity level.12 The larger total conductivity determined in the
present study is both due to enhanced electronic and ionic conductivity,
as can be seen from Table II.
From the ionic conductivity values, determined as a function of
the oxygen activity as described previously, and the defect chem-
istry of the Ce0.8PrxTb0.2−xO2−δ compounds,37,38 the ionic mobil-
ity can be deduced. The ionic mobility of the Ce0.8PrxTb0.2−xO2−δ
compounds, estimated at 700, 800 and 900◦C, is shown in Fig. 8
as a function of the oxygen nonstoichiometry, along with that of
Ce0.9Gd0.1O1.95 and Ce0.8Gd0.2O1.9 from Wang et al.51 for comparison.
The ionic mobility decreases with increasing oxygen nonstoichiom-
etry for all compositions. This is in accordance with the expected
behavior of acceptor doped ceria, which arises due to increasing
Table II. Total, electronic and ionic conductivity of Ce0.8Pr0.2O2−δ
at 900◦C in air and comparison with literature values.
present work Fagg et al.32a Fagg et al.31 Nauer et al.23
σtot (Scm−1) 0.2 0.18 0.15 0.17
σel (Scm−1) 0.04 0.055 0.02 –
σion (Scm−1) 0.16 0.125 0.13 –
aCe0.8Pr0.2O2−δ with 2 at.% Co.
Figure 8. Ionic mobility of Ce0.8PrxTb0.2−xO2−δ as a function of oxygen
nonstoichiometry at 700, 800 and 900◦C.
defect interaction with increasing concentration of defects.12 When
comparing the ionic mobility of the various compositions at a cer-
tain oxygen nonstoichiometry at 900◦C it appears that Ce0.8Pr0.2O2−δ
exhibits the highest ionic mobility. The ionic mobility decreases
when co-doping with Tb, reaching a minimum for the composi-
tion Ce0.8Pr0.1Tb0.1O2−δ and increases again with further Tb doping,
with the compositions Ce0.8Pr0.05Tb0.15O2−δ and Ce0.8Tb0.2O2−δ ex-
hibiting a similar ionic mobility as Ce0.8Pr0.15Tb0.05O2−δ. The ionic
mobility of the Ce0.8PrxTb0.2−xO2−δ compounds is similar to that
of Ce0.9Gd0.1O1.95 and Ce0.8Gd0.2O1.9 at the same oxygen vacancy
concentration.
A similar behavior can be observed for the co-doped composi-
tions at lower temperatures from Fig. 8. Ce0.8Pr0.1Tb0.1O2−δ shows
the lowest mobility for ionic transport, whereas the remaining two co-
doped compositions, Ce0.8Pr0.05Tb0.15O2−δ and Ce0.8Pr0.15Tb0.05O2−δ,
exhibit similar ionic mobilities. Total conductivity measurements
were not performed for the singly doped compounds, Ce0.8Pr0.2O2−δ
and Ce0.8Tb0.2O2−δ, at lower temperatures. The ionic mobility of
Ce0.8Pr0.2O2−δ at 800◦C, shown in Fig. 8, was estimated from data
obtained from a symmetrically blocking cell with local ionic and
electronic probes, used for the determination of the ionic interference
effect.1 The estimated ionic mobility of Ce0.8Pr0.2O2−δ at 800◦C is
lower than that of the co-doped compositions, in contrast to what was
found at 900◦C. Although the validity of this finding cannot be ex-
cluded, it may also arise due to experimental uncertainty related to
the use of a different setup.
Another possible explanation for the inferior ionic mobility of
Ce0.8Pr0.2O2−δ at 800◦C is the influence of the ionic interference effect.
As discussed previously, the quantity σtot - σ′el, which is taken here to
represent the partial ionic conductivity is only equal to σion if there is
no interference between the ionic and electronic flows. The cross co-
efficients of transport for Ce0.8Pr0.2O2−δ at 800◦C were found to be far
from negligible in the oxygen nonstoichiometry range discussed here
and to increase with decreasing oxygen nonstoichiometry.1 Neglecting
the ionic interference effect, results in an underestimation of the ionic
conductivity. This is also causing the ionic mobility of Ce0.8Pr0.2O2−δ
at 800◦C to appear relatively insensitive with respect to changes in
oxygen nonstoichiometry. Since the ionic interference effect increases
with decreasing oxygen nonstoichiometry, the ionic conductivity of
Ce0.8Pr0.2O2−δ is underestimated more severely at lower oxygen non-
stoichiometries, which causes the observed flattening of the ionic
mobility versus oxygen nonstoichiometry. Non-negligible ionic inter-
ference may also be the case for the remaining compositions, masking
the true behavior of the ionic mobility. In any case, the values pre-
sented here can be viewed as a lower boundary for the ionic mobilities
of the Ce0.8PrxTb0.2−xO2−δ compounds.
The activation energy and pre-exponential factor of the ionic mo-
bilities of Ce0.8PrxTb0.2−xO2−δ were estimated from linear fitting of
the ln(uionT) versus 1/T data. The mean values, obtained for δ between
∼0.075 and 0.1, are given in Table III. A positive correlation is ob-
served between the estimated activation energy and pre-exponential
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Table III. Activation energy and pre-exponential factor of the
ionic mobility of Ce0.8PrxTb0.2−xO2−δ. Mean values are given for δ
between ∼0.075 and 0.1, whereas the uncertainty corresponds to
the standard deviation from the mean value.
[Pr] u0ion Ea
= 0.20 – [Tb] (Kcm2V−1s−1) (eV)
0.15 700 ± 200 0.80 ± 0.03
0.10 1200 ± 400 0.87 ± 0.03
0.05 610 ± 90 0.79 ± 0.02
factor. Such a correlation has already been observed for acceptor doped
ceria, when the dopant content is larger than what required in order to
obtain a minimum activation energy.3,14 As can be seen from Table III,
Ce0.8Pr0.15Tb0.05O2−δ and Ce0.8Pr0.05Tb0.15O2−δ have similar activation
energy and pre-exponential factor, whereas somewhat larger Ea and
u0ion values were determined for Ce0.8Pr0.1Tb0.1O2−δ. A larger acti-
vation energy leads to lower ionic mobility, whereas the opposite is
expected for the pre-exponential factor. A lower ionic mobility was
found for Ce0.8Pr0.1Tb0.1O2−δ, as compared to Ce0.8Pr0.15Tb0.05O2−δ
and Ce0.8Pr0.05Tb0.15O2−δ that exhibited similar ionic mobilities (see
Fig. 8). The activation energy thus seems to be the determining factor
for the ionic mobility, in accordance with previous observations.3,14
The estimated activation energies are somewhat larger than those cal-
culated by Andersson et al. for ceria doped with 4.2% Pr or Tb, being
in the range 0.7–0.75 eV.11 The larger activation energies determined
here are not surprising, considering the much larger doping level
(20%). Our values lie between the two limiting cases calculated by
Andersson et al.; dopant ions being separated from an oxygen vacancy
(0.69 eV for Pr and 0.66 eV for Tb) or being nearest neighbors to one
(0.83 eV for Pr and 0.90 eV for Tb), corresponding to dilute solutions
and heavy doping, respectively. When the doping level increases,
vacancies will experience more trivalent dopants in their immediate
neighborhood, on average. This results in a higher migration barrier,
as it is less favorable for an oxide ion to move through a saddle point
close to large trivalent ions than to move close to smaller Ce4+ ions.
Despite the significant enhancement of the electronic conductivity
of Ce0.8PrxTb0.2−xO2−δ relative to Ce0.9Gd0.1O1.95 at high oxygen ac-
tivities (Fig. 3), the charge transport in Ce0.8PrxTb0.2−xO2−δ remains
predominantly ionic at temperatures above 700◦C (Fig. 7). Since the
activation energy of the electronic mobility is smaller than that of the
ionic (Tables I and III), the relative magnitude of the electronic conduc-
tivity is expected to increase with decreasing temperature and eventu-
ally dominate. In order to demonstrate this, the oxygen activity depen-
dence of the total and partial conductivities of Ce0.8Pr0.1Tb0.1O2−δ is
plotted in Fig. 9 at 800 and 400◦C. At 800◦C Ce0.8Pr0.1Tb0.1O2−δ is pre-
dominantly ionic conducting, whereas at temperatures below 400◦C
it is predominantly electronic conducting. This shift affects the aO2
Figure 9. Total (σtot) and partial ionic (σion) and electronic (σ′el) conductivities
of Ce0.8Pr0.1Tb0.1O2−δ at 800◦C and 400◦C as a function of oxygen activity.
dependence of the total conductivity from being rather flat at 800◦C to
exhibiting a maximum at 400◦C, following the aO2 dependence of the
electronic conductivity. The partial conductivities at 400◦C were cal-
culated on the basis of the defect chemistry of Ce0.8Pr0.1Tb0.1O2−δ,38
the electronic mobility values (Table I), and a linear extrapolation of
the oxygen nonstoichiometry dependence of the ionic mobility (Fig. 8)
at smaller δ values and temperatures (on the basis of an Arrhenius
expression).
Oxygen permeation.— In the previous, the electronic and ionic
transport properties of Ce0.8PrxTb0.2−xO2−δ were presented and dis-
cussed. A significant enhancement of the electronic conductivity at
high oxygen activities (logaO2 ∼ −10 or higher) was observed relative
to that of other rare earth doped ceria systems, such as Ce0.9Gd0.1O1.95
(Fig. 3). At the same time, the Ce0.8PrxTb0.2−xO2−δ compounds were
found to have ionic mobilities similar to that of Ce0.9Gd0.1O1.95
(Fig. 8), which is considered as one of the best ionic conduct-
ing cerates.12 On the basis of these results, the Ce0.8PrxTb0.2−xO2−δ
compounds appear as promising candidates for oxygen separation
membranes, particularly for high aO2 processes, such as oxyfuel
processes.53 In the following, the performance of a 30 μm thick
Ce0.8PrxTb0.2−xO2−δ membrane is evaluated.
As discussed previously, if the cross coefficients of transport are
not negligible, the ionic conductivity of the Ce0.8PrxTb0.2−xO2−δ com-
pounds is underestimated, due to the false assumption of negligible
ionic interference. This will in turn result in an underestimation of
the oxygen flux. A further underestimation of the oxygen flux will
arise directly from the negligence of the ionic interference effect. We
were obliged to assume negligible ionic interference in the previous,
since the interference effect is not known for the Ce0.8PrxTb0.2−xO2−δ
compounds, apart from the case of Ce0.8Pr0.2O2−δ at 800◦C. The ionic
interference effect of Ce0.8Pr0.2O2−δ, measured as a function of the
oxygen activity at 800◦C, was found to be negligible for logaO2 < −4,
but far from zero at higher oxygen activities.1
The error induced in the determination of the oxygen flux from
the assumption of negligible ionic interference, in the event that this
assumption is false, is estimated for the case of Ce0.8Pr0.2O2−δ at
800◦C. For this, the oxygen flux of a 30 μm thick Ce0.8Pr0.2O2−δ
membrane has been estimated at 800◦C using the aO2 dependence of all
the Onsager coefficients of transport, including the cross terms.1 This
is shown in Fig. 10 as a function of the oxygen activity of the anode gas
(using air at the cathode side) and is labeled “with interference”. The
“zero interference” curve corresponds to the case where the knowledge
of the ionic interference effect is used to correctly estimate the partial
conductivities of Ce0.8Pr0.2O2−δ as a function of aO2, but the cross
terms of the Onsager matrix of transport are then set to zero for the
estimation of the oxygen flux. Finally, the “neglected interference”
case includes both the error due to the underestimation of the partial
Figure 10. Influence of the ionic interference effect on the oxygen flux deliv-
ered by a 30 μm thick Ce0.8Pr0.2O2−δ membrane as a function of the anode
oxygen activity at 800◦C. aO2cat = 0.21.
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Figure 11. Estimated oxygen flux delivered by a 30 μm thick
Ce0.8PrxTb0.2−xO2−δ or Ce0.9Gd0.1O1.95−δ membrane operating at 700, 800
or 900◦C as a function of the oxygen activity of the anode gas. aO2cat = 0.21.
ionic conductivity and the error due to the negligence of the ionic
interference effect in the estimation of the oxygen flux.
As can be seen from Fig. 10, the presence of ionic interference
has a positive effect on the oxygen flux. For the particular case of
a 30 μm thick Ce0.8Pr0.2O2−δ membrane operating at 800◦C, with
air at one side and an oxygen activity of 10−5 at the other, including
the ionic interference effect results in a 20% larger oxygen flux relative
to the case where the ionic interference is assumed negligible. The
difference in oxygen flux between the “with interference” and the
“zero interference” case corresponds to the direct influence of
the ionic interference effect on the deliverable oxygen flux. The sharp
increase of the oxygen flux for oxygen activities of the anode gas
below ca. 10−13 is associated with the reduction of Ce that takes place
under such reducing conditions, enhancing the electronic conductivity
of the membrane and thereby the oxygen flux that it can deliver.
A comparison between the oxygen flux that can be delivered by
a 30 μm thick Ce0.8PrxTb0.2−xO2−δ or Ce0.9Gd0.1O1.95−δ membrane
operating at 700, 800 or 900◦C as a function of the oxygen activity of
the anode gas is presented in Fig. 11. The ionic interference effect was
assumed negligible and a cathode oxygen activity of 0.21 was used in
all cases. As can be seen, all Ce0.8PrxTb0.2−xO2−δ compositions yield a
significantly larger oxygen flux than Ce0.9Gd0.1O1.95−δ at high oxygen
activities of the anode gas. This is due to the enhanced electronic con-
ductivity of Ce0.8PrxTb0.2−xO2−δ compounds at high oxygen activities,
as compared to Ce0.9Gd0.1O1.95−δ.
The enhancement of the oxygen flux increases with increasing
Pr/Tb ratio. This is due to the increasing electronic conductivity
with increasing Pr/Tb ratio, shown in Fig. 4a–4c. Larger oxygen
fluxes are predicted for composition Ce0.8Pr0.1Tb0.1O2−δ relative to
Ce0.8Pr0.05Tb0.15O2−δ despite the fact that Ce0.8Pr0.1Tb0.1O2−δ was
found to have the lowest ionic mobility among the examined com-
positions. This is again pointing out the importance of the electronic
conductivity in terms of enhancing the oxygen flux.
As the oxygen activity of the anode gas decreases, the flux that
can be delivered by a Ce0.9Gd0.1O1.95−δ membrane approaches that
of a Ce0.8PrxTb0.2−xO2−δ membrane. This is due to the increasing
contribution of small polarons in the Ce 4f band to the electronic con-
ductivity, which overshadows the influence of the increased electronic
conductivity of the Ce0.8PrxTb0.2−xO2−δ compounds at high aO2.
Fagg et al.31 have measured the oxygen flux delivered by a 1 mm
thick Ce0.8Pr0.2O2−δ membrane operating between aO2an = 0.021 and
aO2
cat = 0.21. They reported values of 0.011 Nml min−1 cm−2 to
0.068 Nml min−1 cm−2 at temperatures between 800◦C and 1000◦C.
Based on the transport properties of Ce0.8Pr0.2O2−δ presented in this
work we calculate values of 0.038 Nml min−1 cm−2 to 0.045 Nml
min−1 cm−2. These are in reasonable agreement with the experimen-
tal results of Fagg et al., considering the uncertainty in electrode
performance.
The oxygen activity and oxygen nonstoichiometry profiles, estab-
lished in a 30 μm thick Ce0.8Pr0.2O2−δ or Ce0.9Gd0.1O1.95−δ membrane
operating at 800◦C between aO2an = 10−25 and aO2cat = 0.21, are com-
pared in Fig. 12. Similar fluxes of ∼15 Nml min−1 cm−2 of O2 are
delivered by the two compositions under these conditions (Fig. 11).
Nevertheless, the established profiles are significantly different close
to the cathode side of the membrane. The oxygen activity decreases
abruptly close to the cathode side for Ce0.9Gd0.1O1.95−δ. This is due
to the low electronic conductivity of Ce0.9Gd0.1O1.95−δ within this
oxygen activity range. Combining the condition of local ioniza-
tion equilibrium ( 12 O2(g) + V ••O + 2e′ ↔ OxO ) with the fact that
μV ••O
≈ 0,μOxO ≈ 0 in Ce0.9Gd0.1O1.95−δ at high oxygen activ-
ities (since δ ≈ 0), one can conclude that under these conditions
μe ≈ − RT4  ln aO2 . Therefore the abrupt decrease in oxygen activ-
ity increases the driving force for electronic transport. This increase
compensates for the low electronic conductivity of Ce0.9Gd0.1O1.95−δ
at high oxygen activities, thereby allowing for the large electronic
current required to support the ∼15 Nml min−1 cm−2 of oxygen
flux. As the oxygen activity decreases, the electronic conductivity of
Ce0.9Gd0.1O1.95−δ increases, the required driving force for electronic
transport decreases (since the electronic current that passes through
each slab of the membrane is the same), and therefore the slope of the
oxygen activity profile decreases.
Due to the increased electronic conductivity of Ce0.8Pr0.2O2−δ
at high oxygen activities, the oxygen activity gradient close to the
cathode side is significantly smaller than in Ce0.9Gd0.1O1.95−δ. An
abrupt decrease is observed again within the aO2 range from 10−5
to 10−12, where the electronic conductivity of Ce0.8Pr0.2O2−δ passes
through its minimum, as can be seen from Fig. 4b. It is clear that
the different oxygen activity profiles established in Ce0.8Pr0.2O2−δ and
Ce0.9Gd0.1O1.95−δ are due to the different electronic conductivities of
the two compounds, which in turn arise from their different defect
chemistries. The oxygen nonstoichiometry profiles that correspond
to the established oxygen activity profiles are also shown in Fig. 12.
The overall change in oxygen nonstoichiometry of Ce0.8Pr0.2O2−δ is
larger than that of Ce0.9Gd0.1O1.95−δ, due to reduction of Pr from Pr4+
to Pr3+ with subsequent loss of oxygen at high oxygen activities.
This will result in a larger strain across the Ce0.8Pr0.2O2−δ mem-
brane due to chemical expansion.38 It can therefore be concluded that
Ce0.9Gd0.1O1.95−δ is a better choice of a membrane material, when op-
erating the membrane at such a low oxygen activity of the anode gas,
since both materials are able to deliver the same oxygen flux while
at the same time Ce0.9Gd0.1O1.95−δ is less prone to mechanical failure
due to smaller chemical expansion.
Ce0.8Pr0.2O2−δ should be preferred though when operating the
membrane at high oxygen activities, since it can significantly enhance
the oxygen flux compared to Ce0.9Gd0.1O1.95−δ, as shown in Fig. 11.
A high oxygen activity application for oxygen separation membranes
that appears very interesting is for use in conjunction with an oxy-
fuel combustion process,53 which is being considered as one among
several routes to reduce the cost of carbon capture and sequestration.
Figure 12. Comparison of the oxygen activity and oxygen nonstoichiometry
profiles established in a 30 μm thick Ce0.8Pr0.2O2−δ and Ce0.9Gd0.1O1.95−δ
membrane operating at 800◦C between aO2an = 10−25 and aO2cat = 0.21. The
open circles correspond to the oxygen activity prevailing at the gas phase.
δ0 = 0.1.
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Figure 13. Estimated oxygen flux for a 10 μm or 30 μm thick Ce0.8Pr0.2O2−δ
membrane at 800 and 900◦C under oxyfuel operating conditions as a function
of the oxygen activity of the anode gas. aO2cat = 4.2.
In this application, the oxygen membrane is expected to operate with
air compressed at ∼20 atm at the feed side and an oxygen activity of
10−5–10−1 at the permeate side, depending on the process scheme. An
estimate of the oxygen flux for a Ce0.8Pr0.2O2−δ membrane operating
under oxyfuel conditions is shown in Fig. 13 as a function of the
oxygen activity of the permeate gas. A polarization resistance of
3.66 mOhm cm2 at 900◦C and 11.1 mOhm cm2 at 800◦C was as-
sumed for both electrodes in this case, according to the expression for
Rcat given in Ref. 47. A 10 μm thick Ce0.8Pr0.2O2−δ membrane oper-
ating at 900◦C under these conditions would be able to deliver more
than 16 Nml min−1 cm−2 of O2. Furthermore, this estimate provides
a lower boundary for the expected oxygen flux, as the calculation is
based on the assumption of negligible ionic interference, which was
shown in Fig. 10 to result in an underestimation of the oxygen flux.
Conclusions
The electronic and ionic transport properties of
Ce0.8PrxTb0.2−xO2−δ (x = 0, 0.05, 0.10, 0.15, 0.20) were deter-
mined as a function of the oxygen activity in the range from aO2
≈ 103 to aO2 ≈ 10−17 at temperatures between 700◦C and 900◦C.
The electronic conductivity of Ce0.8PrxTb0.2−xO2−δ under suppressed
ionic flow, determined by Hebb-Wagner polarization, was found
to be significantly enhanced relative to that of Ce0.9Gd0.1O1.95−δ in
the high aO2 range (aO2 > 10−8), by as much as three orders of
magnitude. Furthermore, the electronic conductivity was found to
increase systematically with increasing Pr/Tb ratio in the aO2 regime
dominated by small polaron hopping at the Pr/Tb 4f band.
The ionic conductivity was estimated by subtracting the elec-
tronic conductivity, measured under suppressed ionic flow, from the
total conductivity. This methodology results in an underestimation
of the ionic conductivity in the event of non-negligible ionic in-
terference between ionic and electronic flows. In that case, the ob-
tained values represent a lower boundary of the ionic mobilities of the
Ce0.8PrxTb0.2−xO2−δ compounds. Ce0.8Pr0.2O2−δ was found to exhibit
the highest ionic mobility among the Ce0.8PrxTb0.2−xO2−δ compounds
at 900◦C. The ionic mobility was found to decrease when co-doping
with Tb, reaching a minimum for the composition Ce0.8Pr0.1Tb0.1O2−δ
and to increase again with further Tb doping. A similar behav-
ior was observed for the co-doped compositions at lower tempera-
tures. The ionic mobility of Ce0.8PrxTb0.2−xO2−δ is similar to that of
Ce0.9Gd0.1O1.95 and Ce0.8Gd0.2O1.9 at the same oxygen vacancy con-
centration. Increased microstrain may be a possible explanation for
the decreased ionic mobility of compositions Ce0.8Pr0.1Tb0.1O1.95 and
Ce0.8Pr0.05Tb0.15O1.95. The ionic mobility was observed to decrease
with increasing oxygen nonstoichiometry for all compositions.
The oxygen flux that can be delivered by a 30 μm thick
Ce0.8PrxTb0.2−xO2−δ membrane was estimated to be significantly
larger than that of a Ce0.9Gd0.1O1.95−δ membrane at high oxygen ac-
tivities of the permeate side (aO2an > 10−15), due to the enhanced
electronic conductivity of Ce0.8PrxTb0.2−xO2−δ. The enhancement of
the oxygen flux was found to increase with increasing Pr/Tb ratio,
due to the increasing electronic conductivity with increasing Pr/Tb.
A 10 μm thick Ce0.8Pr0.2O2−δ membrane, operating at 900◦C with
air compressed at ∼20 atm at one side and an oxygen activity of
∼10−5 at the other side (oxyfuel operating conditions), would be able
to deliver more than 16 Nml min−1 cm−2 of O2. On the other hand,
Ce0.9Gd0.1O1.95−δ was concluded to be a better choice of a membrane
material when operating the membrane at low oxygen activities of the
anode gas (aO2an < 10−20), since it is able to deliver the same oxygen
flux as Ce0.8Pr0.2O2−δ, while exhibiting smaller chemical expansion.
Finally, the influence of non-negligible ionic interference on the deliv-
erable oxygen flux was investigated for the case of Ce0.8Pr0.2O2−δ. The
presence of ionic interference was found to have a large and positive
effect on the oxygen flux.
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